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The photoemission signal from the first atomic layer of W(110) is used to assess the nature of the interaction between the surface atoms of the metal substrate and the adsorbates Na, K, and Cs for coverages up to 1 atomic layer. Our results indicate that there is little or no charge transfer from the alkali
metal to the W surface, even in the limit of low coverage. The satellite structure of the photoemission
lines of the outermost p shell of the alkali metals confirms this conclusion. While contrary to the conventional picture of alkali-metal-charge
donation, these findings fully support recent theoretical calculations.
PACS numbers:

79.60.Gs, 68. 55.Gi

Ever since the work of Tay1or and Langmuir' on the
adsorption of Cs on W, the lowering of the work function
of metals by alkali metals has been attributed to the formation of a dipole layer by donation of the outer s electron of the adsorbate to the conduction band of the substrate. Although it was soon realized that broadening
of the adsorbate s level modifies this purely ionic picture
the notion of
by introducing some degree of covalency,
charge donation has continued to provide the framework
for the interpretation of a wide variety of experimental
data, especially in the limit of low coverage. ' Even
calculations for an isolated Li atom adsorbed on jellium,
in which distinct metal and alkali-metal states are not
defined, were interpreted as showing that the transferred
More recent bandelectron resides in the metal.
calculations'
c(2x
of
2)Cs on W(100), howevstructure
diA'erent
conclusion. These show
lead
an
to
entirely
er,
that the bonding is metallic and that the dipole layer
resides in the polarized Cs valence electrons. Other
theoretical work for Na on Al(001) (Ref. 13) and
alkali-metal overlayers on jellium' also finds that the dipole moment arises from the polarization of the adsorbate, and demonstrates that the adatom charge is insensitive to coverage. These theoretical calculations thus
contradict the intuitively appealing picture of charge
donation by the strongly electropositive alkali metals,
of so
which has been the basis for the interpretation
much experimental data. Significantly, while these data
based on charge
with expectations
are consistent
transfer, they do not discriminate against the predictions
of the more recent theories.
In this Letter we report on measurements which clearly resolve this conAict by focusing not on the alkali metal, but on the outermost layer of the metal substrate.
The well-resolved photoemission signal from the surface
layer of W, which has been shown to be extremely sensitive to the interaction of the metal with adsorbates,
We demonstrate that highis the tool of this study.
measureresolution
surface core-level photoemission
ments of W 4f as a function of coverage unambiguously
support the metallic picture of the band-structure calcu-

"

"'

lations. ' ' Equally important, the measurements show
that the ionic picture is not applicable even at low coverage.
The photoemission data were obtained at the National
Synchrotron Light Source using the AT&T Bell Laboratories 6-m toroidal-grating monochromator on beam line
U4A. Spectra were collected with a 100-mm Vacuum
Science Workshop hemispherical analyzer operated with
a resolution of 40 meV. The sample was a W(110) ribbon cleaned by standard techniques. Alkali-metal atoms
were deposited from well-degassed SAES getter sources.
Relative alkali-metal coverages were determined from
exposure times and absolute coverages from low-energy
electron diffraction (LEED) patterns, which indicate the
formation of incommensurate
hexagonal overlayers for
For Na, addifirst-layer coverages near saturation. '
tional calibration points are provided by commensurate
', -monolayer
structures at —,' - and —
(ML) coverages. '
The coverage-dependent
behavior of the alkali-metal
adsorbate is typified by the 3p spectra of K in Fig. l.
The signal from the first atomic layer (curves a and b) is
quite broad and shifts toward smaller binding energy
with increasing coverage. The signal from the second
monolayer (curve c) lies at greater binding energy and is
so much sharper that the p3g2-pip spin-orbit splitting of
240 meV is easily resolved. Beyond the second monolayer a new signal (curve d) appears at a somewhat
smaller binding energy, which we believe is due to bulk
K in random clusters, i.e. , the growth follows the
Stranski-Krastanov
mode. This photoemission behavior
is similar to that of alkali metals on other metallic' '
'
and semiconducting
substrates. The coverage dependence of the first-layer binding energy can be related
through a Born-Haber cycle to the change in the adsorption enthalpy, as previously pointed out. '
The other
notable feature, the large linewidth of the 3p electrons in
the first atomic layer, is due in part to vibrational
broadening and in part to an interatomic Auger process
involving an electron from the W d band. Note that a
3p hole in atomic potassium does not have an Auger decay channel because there is only one 4s electron. Dona-

1990 The American Physical Society

'

571

PHYSICAL REVIEW LETTERS

VOLUME 64, NUMBER 5

29 JANUARY 1990
I

I

K on

i

I
i

T

Surface

W(110)

C
03

05

CU

lU

I—
(fl

zUJ

UJ

I—

z

Z'.

N
I

22

21

20

Photoemission spectra of 3p sp's in-orbit doublet of K
adsorbed
on a clean %(110) surface with
1.412 x 10
atoms/cm . In t h e case o f the lower three curves the covera g es
are layerwise. In the case o
of the upper curve the ma~ority o
the adsorbate has formed large, randomly oriente
c us ers.
urve a, 2.
curve b 5. 1 x 10 corresponding to 86% of
the densest coverage prior to torming
formin thee second layer; curve c,
1.0& 10 ' atoms/cm 2 corresponding to two monolayers; an d
curve d, 6. 8x10' atoms/cm 2 with two lay ers and random clus-
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ters.
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Photoemission spectra of 4f7/i elec
electrons from clean
a sorbate-covered
W(110). For
the spectrum is for
—
coverage.
or Cs, K, an
a ey
2'-monolayer
the densest single-layer coverage, i.e., (5.2, 5.9, and 8.0 x1 14
atoms/cm', respective Iy. For
or Na, emission from the Na 2p s is
also evident.

0

on other surfaces and meta
by alkali-meta 1 a d sorrbates
als ' " also failed to yield the expected large s i ts o
smaller binding energy.
e wor
(Ref. 23) resulted in only a sma s i o s
ener, but the data were complicated by surface reconstruction and the ana ysis y e
1 ines.
Inn thee work on K on Pt and Au,
sma s i s
'
larger b'in d'ing en
energy were obtained from the anal y sis of
un resolve
lved bulk
an
u
and ssurface lines. The true imp
im lications
i
of these results were not recognize,
o nized, however, since
charge transfer was taken for granted.
dOur experimental findings exten d the nonionic b onr to the low-coverage
regime,e where an
'
ionic picture is still wi e 1 y invoke .
s h
Ta bl e I an alkali-metal coverag e e q ual to 3I o
w h ere t hee dipole
saturation
i
moment per adsorbe
rbed atom
is muc n 1 arger than at saturation and is sstill corn ara bl e
~

tion of the outer s electron to the substrate would tend to
h A
er channel of the adsorbate atom.
The
h
mostt signi
significant results are obtained
ined b y p hotoo oemission from thee W substrate. For clean W 110) the
f -atom core-level shift (SCS) is —321+ 3
meV. The surprising finding is that the signa rom
first atomic layer is barely modifieed b y thee deposition of
alkali-metal atoms csee
Fiig.. 2). At first-layer saturation
(
N
K , orr Css produce additional shifts o on y
coverage, , Na,
—28, —12, and —20 meV, respectively (see Table I, .
Such
uch smal
small sshifts
i ts are in very
good agreement wit
band-structure
calculations for tthee hiigh-coverage-limit
la er on W(100), ' which predict that there
is little if any charge transfer from
rom the aalkali
a i me
metal to
the W and no significant shift of the W 4, surface core
levels. Note that the lack of shift cannot be due to an
ia- and final-state effects,
accidental cancellation o f ini
initialerbecause charge a dd e d too the d band of W moves the Fermi level to a region wit h hiig her density of states, w ic
ich
would improve thee sscreening and reduce the ener
of
energy o
1- and final-state shifts consethe final state. Th e ini t'iaquently have the same sign.
Results like those in Table I are not unique to
W(110). Previous measurements
ents of
o the
t e SCS produced
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TA BLE I. Adsorbate-induced
of W(110) surface
shift
ift o
core-level binding energy (meV) for two coverages.
saturation
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K
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"For coverages equal to those of Cs.
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an even
r
to that of the low-coverag e 1'imit produces
were due to
mom
s i t. If the dipole moment
smaller W 4f shif
S would be exs er, a 1 arger change in thee SCS
charge transfer
The SCS
is
smaller.
the
covera
e
even
th
h
pected,
oug
ge
o g
produced b y tth e adsorption of hi g hl y
of quantifying this exn provides a means o
pectation. Thee average change in W
li
i
1
ducing +170- and +520coverage,
g, p roduc
- and full-saturation
meV sshifts
i tss fo
or coverages equal too —
o
3
'
We see th
ies, respectively.
metal is not
r e alkali
alk
ec ron of the adsorbed
ev
at the lowest
transferred too thee W surface atomss even
coverage.
' '
'
A
Additional su ppor
ort for the conclusionn th at the W surA'
face layer is larg
rge 1y unaA'ected b the
'
surface
ace signal. In a
b
d f
h e intensity of the sur
small interval near
ear th
t e p h oton ener
surface signal is
d
a k en, t h e intensity of thee sur
This
T
otoelectron diFraction
c ion.
greatly enhanced b y p hot
enh ancement is veryy sensitive to the i
en
o servation of bulk an
g
o proportionately attenu
adsorbate does not
ore in icates that thee ad
'
significantly aalt crt h espacin g of th e W surface layer.
If the ou
outer
er s electron is not transfer
ou
e possible to de
at
Proof can,
e a kali-metal adsorbate e atom.
in principle, be o
obtained
aine ffrom the alkali-metala s-electron
c rum.
h has been a
his
p otoemission spectru
p
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a ive y eatureless condu
similar identification of th
taiss on W, however
c rum of alkali meta
is not possible
i e b ecause the much lar
e photoelectric
arger
cross section and
n
s h arp features of thhe W Sd-derived
conduction b an d o b scure the sspectral
ec
region of th e
- 1ectron contribution
alkali-metala s-e
of thee outer s electron can be
Fortunately, the nature o
assessed by lookin
ssociated with coreo ing at loss peaks ass
'
level emissionn frrom the alkali-metala atoms.
Here we
a
s'
concentrate on K , since
the loss p eaks
'
. -e spin-orbit s p lititting and those of Na b
7/2 emission (see Fig. 2). The K 3
1 most up to saturation n of the first atomic layer show tw
wo d istinct satellites.
i es. At
A low coverage,
where the K aatoms
oms are
ar well separated th
a ea
ith increasin g cov
d
e .
g th
ic s i ts to a final value of ~
s ominant. Such satellites c
1
b
od
db y t h e excitation of th
e ites with even greater i
b
oi td ithth W
ere ore ue to the shakeu p of
o outer electrrons associated with
i
t e K. The 3p ele
th
y oun, leaving the 4s elect
1-eV satellite
W assign the
h
sa e 11ites. We
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3.. Satellites of
o K
K33p spectra on %'(& &o
h'f"d"'1' n'h'3 p d oublet. Ex osur
c ive y, to 0. 17, 0.36, o. 50
d
.
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t' "thoserequiredto o pro
r d uce a single dense layer

a eup process, and
at low covera g e t o a single-ion 4s shakeu
t a (surface) p laasrnon associated
the 2. 7-eV satellite
e i e to
with the 4s band
an o f a dense K la er. T
ained by elece a ion are similar to those obtain
on
Al
] 11). They
for
Na
tron energy-loss spectroscopy
spect
m
ent with the results of metastable-He
are also consistent
which showed
C
ect roscopy for K onn Cu,
deexcitation s ec
v
ow c
a low
coverage.
that the K 4ss electr
e ectron is present even at
interaction
The picture of thee a sorbate-substrate
w ich emerges from
m th' is work is in a g re ernent with those
'
-s
T
of recent band-st ructure calculations. '
W
n
and
at any covconduction
b
d'n""n'f'har
o e
i n thee atoms form
sor ate concentration
erage. At low aadsorb
with tth e substrate. At hiig h c
coverage the
covalent bonds wi
form
d
outer s electrons s of
o tth e adsorbate
io b d Th e interaction with the su
d

't'th

d

b d

lli

T

resi es primarily on thee aadssorbate atom.
work h as shown that thisis model accounts
The theoretical wor
. adsorption
ion and
in detail for thee c
ch ange in work function
i
covera e t e very observat ions which procoverage,
enthalpy with
that the
m
ina motivation for thee ionic model
vided the original
present work invalidates.
What are the implications of abandonin
wor in w ic it was invok
sure wor functions are
dfo b
tthoeory than by the ionic
quantum-mechanicalica eelaa oration. The fact th at t h e coven
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erage dependence of the work function is quite similar
for the alkali metals on diverse metallic substrates [including W(110)l, typically showing a minimum just
beyond half of saturation, shows that it does not depend
on interaction with the substrate but arises from interaction of the adsorbate atoms themselves.
Recent photoemission measurements'
of K on Al, which invoked the
ionic model to explain the lack of observable 4s intensity at low coverage, ignore the change in the nature
and width of the 4s state with coverage. Finally, the
of the bond length between
coverage dependence
Cs and Ag(111), derived from surface extended x-rayis suggested to
absorption fine-structure measurements,
arise from the change in the polarization of the Cs adatom, which is not spherical as assumed in Ref. 9.
In summary, we find that alkali-metal atoms adsorbed
on W(110) transfer little if any charge to the substrate.
Presumably this is also the case for other % surfaces,
and in general for the other alkali metals on other metals. We conclude that at all coverages the change in
work function produced by alkali-metal adsorbates on
metals results from a dipole moment associated with the
polarized adsorbate atom itself. For metals, one must
consequently abjure the ionic model in favor of a metallic one, in full agreement with recent theoretical calcula'
tions for alkali-metal adsorbates.
We are indebted to Professor P. J. Estrup for the use
of the W(110) sample. The National Synchrotron Light
Source at Brookhaven National Laboratory is supported
by the U. S. Department of Energy, Division of Materials
Sciences and Division of Chemical Sciences (DOE Cont r act N o. D E-AC02-7 6C H 000 1 6) .
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